Prilling is a common process in the fertilizer industry, where the fertilizer melt is converted to droplets that fall, cool down and solidify in a countercurrent flow of air in a prilling tower. A vibratory granulator was used to investigate liquid jet breakup into droplets. The breakup of liquid jets subjected to a forced perturbation was investigated in the Rayleigh regime, where a mechanical vibration was applied in order to achieve the production of monodispersed particles. Images of the jet trajectory, breakup, and the formed drops were captured using a high-speed camera. A mathematical model for the liquid outflow conditions based on a transient two-dimensional Navier-Stokes equation was developed and solved analytically, and the correlations between the process parameters of the vibrator and the jet pressure that characterize their disintegration mode were identified. The theoretical predications obtained from the correlations showed a good agreement with the experimental results. Results of the experiments were used to specify the values of the process parameters of the vibration system, and to test them in the production environment in a mode of monodispersed jet disintegration. The vibration frequency was found to have a profound effect on the production of monodispersed particles. The results of experiments in a commercially-sized plant showed that the granulator design based on this study provided prills with a narrower size range compared to the conventional granulators, which resulted in a substantial reduction in dust emission.
Introduction
Population growth has led to an increasing demand for nitrogen fertilizers to enhance agricultural production yields worldwide. The global production capacity for such fertilizers is expected to increase in coming years, and so is investment. International Fertilizer Association (IFA) experts estimate that by 2018, the consumption of nitrogen fertilizers will reach 215 million tons per year and will continue to increase 2.5-3% annually [1] .
The most common methods of producing nitrogen fertilizer in the chemical industry are prilling and granulation (by layering the melt on the retour particles in a fluidized bed or plate granulator) [2] [3] [4] [5] . The prilling method is based on the forced disintegration of the melt jets of fertilizer into droplets outflowing from a rotating perforated bucket or a static system of fixed orifices, such as a shower head spray system, into a countercurrent flow of air stream inside the prilling tower [6] [7] [8] [9] [10] . Thus, the process of droplets cooling takes place during the free fall inside the tower, which may be associated with their crystallization. These spray systems of melt jets operate under laminar conditions and have hundreds of low capacity openings that may become filled completely and generate strings of liquid that break up into the desired droplet size distribution [11] . The forced jet disintegration into droplets is a very 
Experimental Setup and Methods
Ammonium nitrate (concentration 99 wt.%) melt at 174 • C and water at ambient condition were used in the experiments. Disintegration of both the water and the melt was investigated using stroboscopic light and a high-speed camera. It was reported that ammonium nitrate melt and water had shown similar behavior during the disintegration [26] [27] [28] . The experimental setup is shown in Figure 1 . Study of the efflux was conducted at a single hole in a thin wall vessel.
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Ammonium nitrate (concentration 99 wt.%) melt at 174 °С and water at ambient condition were used in the experiments. Disintegration of both the water and the melt was investigated using stroboscopic light and a high-speed camera. It was reported that ammonium nitrate melt and water had shown similar behavior during the disintegration [26] [27] [28] . The experimental setup is shown in Figure 1 . Study of the efflux was conducted at a single hole in a thin wall vessel. Experimental setup of the vibratory granulator: 1-perforated bottom; 2-housing; 3-nozzle; 4-collector; 5-filter element; 6-electromagnetic vibrator; 7-stock; 8-resonator (disc); 9-buffering capacity; 10-pump; 11-valve; 12-liquid flow meter (Metran 370); 13-vibration gauge; 14-oscilloscope; 15-computer; 16-low-frequency amplifier; 17-stroboscope; 18-photo camera; 19-screen with a scale; 20-level gauge (Metran 100). Table 1 shows the specification of experimental setup. Fluid is pumped from the buffer tank to the granulator nozzle. The liquid flow rate is controlled by the liquid flow meter (Metran 370). A filter is used to separate the liquid from solid impurities. The liquid level is regulated with a level gauge (Metran 100). Due to the hydrostatic pressure created by the liquid level in the perforated bottom vessel, liquid outflows from the holes. A computer program generates a signal, which is transmitted to the electromagnetic vibrator (the magnetostrictive actuator) after passing the low-frequency amplifier, making the resonator produce vibrations. The disc oscillator is positioned above the central part of the inner perforated bottom surface with a gap relative thereto. The gap provides a good hydrodynamic connection between the disc oscillator and the central part of the perforated bottom, through which waves spread in the melt Figure 1 . Experimental setup of the vibratory granulator: 1-perforated bottom; 2-housing; 3-nozzle; 4-collector; 5-filter element; 6-electromagnetic vibrator; 7-stock; 8-resonator (disc); 9-buffering capacity; 10-pump; 11-valve; 12-liquid flow meter (Metran 370); 13-vibration gauge; 14-oscilloscope; 15-computer; 16-low-frequency amplifier; 17-stroboscope; 18-photo camera; 19-screen with a scale; 20-level gauge (Metran 100). Table 1 shows the specification of experimental setup. Fluid is pumped from the buffer tank to the granulator nozzle. The liquid flow rate is controlled by the liquid flow meter (Metran 370). A filter is used to separate the liquid from solid impurities. The liquid level is regulated with a level gauge (Metran 100). Due to the hydrostatic pressure created by the liquid level in the perforated bottom vessel, liquid outflows from the holes. A computer program generates a signal, which is transmitted to the electromagnetic vibrator (the magnetostrictive actuator) after passing the low-frequency amplifier, making the resonator produce vibrations. The disc oscillator is positioned above the central part of the inner perforated bottom surface with a gap relative thereto. The gap provides a good hydrodynamic connection between the disc oscillator and the central part of the perforated bottom, through which waves spread in the melt in the form of elastic strains and enter A stroboscope was employed for visual monitoring of the jet disintegration into droplets, and an applied frequency signal was synchronized with the wave generator. Near the jet exit from the granulator perforated bottom, there was a screen with changeable scales (with different grading) to determine the length of the jet that is not disintegrated, the diameter of the droplets formed after jet disintegration, and the distance between the droplets. A camera is located above the jet and the screen, and has a scale to monitor the jet disintegration into droplets. These pictures were analyzed by objects detection method with the search of round shapes and a software package for solving the tasks of technical computing (Matrix Laboratory). This method enables one to determine droplet sizes, the distance between them and other parameters of the jet disintegration [29] . In order to investigate the effects of vibration on the jet breakup phenomenon and further illustrate the monondisperse droplets production process, three predetermined variables related to vibration were studied, namely: liquid level (proportional to the rate of the liquid efflux from the hole), amplitude, and frequency of the forced signal. These variables are shown in Table 1 . As mentioned earlier, due to the similarity of jet disintegration in water and glycerin, water disintegration was a main concern. One way to obtain forced perturbations of a liquid jet is to spread regular pressure pulses in a jet. As an option, the source of such pulses can be a disc oscillator (oscillating membrane), which produces vibrations.
Mathematical Model
When imposing vibrations, the disc oscillator performs a reciprocating motion and moves a h G quantity of liquid at one turn:
Consequently, regular perturbations in the form of contraction and expansion are imposed on the jet, outflowing from the hole and then breaking up into monodispersed drops in the locations of contraction.
The value h G is an important criterion of the transmission efficiency of the vibrations on the perforated bottom. The pressure vibration value that takes place in this case depends on the path velocity and amplitude of the disc. The key parameter of vibration dispersion is vibration frequency f which affects the law of variation
, allowing to adjust the average diameter and monodispersity range of the received drops at the time of the forced jet disintegration. A stroboscope was employed for visual monitoring of the jet disintegration into droplets, and an applied frequency signal was synchronized with the wave generator. Near the jet exit from the granulator perforated bottom, there was a screen with changeable scales (with different grading) to determine the length of the jet that is not disintegrated, the diameter of the droplets formed after jet disintegration, and the distance between the droplets. A camera is located above the jet and the screen, and has a scale to monitor the jet disintegration into droplets. These pictures were analyzed by objects detection method with the search of round shapes and a software package for solving the tasks of technical computing (Matrix Laboratory). This method enables one to determine droplet sizes, the distance between them and other parameters of the jet disintegration [29] . In order to investigate the effects of vibration on the jet breakup phenomenon and further illustrate the monondisperse droplets production process, three predetermined variables related to vibration were studied, namely: liquid level (proportional to the rate of the liquid efflux from the hole), amplitude, and frequency of the forced signal. These variables are shown in Table 1 . As mentioned earlier, due to the similarity of jet disintegration in water and glycerin, water disintegration was a main concern. One way to obtain forced perturbations of a liquid jet is to spread regular pressure pulses in a jet. As an option, the source of such pulses can be a disc oscillator (oscillating membrane), which produces vibrations.
When imposing vibrations, the disc oscillator performs a reciprocating motion and moves a G h quantity of liquid at one turn:
The value G h is an important criterion of the transmission efficiency of the vibrations on the perforated bottom. The pressure vibration value that takes place in this case depends on the path velocity and amplitude of the disc. The key parameter of vibration dispersion is vibration frequency f which affects the law of variation P = f (τ), allowing to adjust the average diameter and monodispersity range of the received drops at the time of the forced jet disintegration.
In general, the equations of viscous fluid motion [30] [31] [32] are used to calculate the hydrodynamic characteristics of the jet outflowing from the hole of the free surface. For simplicity and convenience, the Navier-Stokes equations describing liquid motion (jet outflow from the hole) in cylindrical coordinates are employed. It is assumed that the perturbations on the jet surface emerge under conditions of axially Processes 2017, 5, 37 5 of 13 symmetric flow with zero tangential velocity. Such waves are called symmetric. In symmetric waves, the jet section is circular and there would be only contraction and expansion zones.
For numerical investigation and determination of the mechanism of velocity fluctuations and distribution of liquid vibrations, as well as pressure changes of outflowing jet from the perforated bottom hole, equations describing the non-stationary motion of liquid [32] were used:
Considering the melt jet hydrodynamic parameters, and its outflow from the holes of the vibration granulator perforated shell, the solution of Equation (3) for the case of non-stationary efflux is of particular interest, taking into account the changes occurring over time. Using the method of separation of variables, one can solve Equation (3), and the following solution is obtained:
In the first equation, for determination of the pressure changes along the jet, one can include a function F(τ) that depends on time. The form of this function can be determined from the boundary conditions, assuming that the coordinate's origin is aligned with the center of the hole where the melt outflows. Then for z = 0:
Assuming that in the hole, where the liquid jet outflows, pressure fluctuations are:
Then substituting Equation (5) in (6), the pressure profile along the jet axis "z", which depends on the initial and boundary conditions of the jet and the physical properties of the liquid, can be obtained:
Equation (7), which is a solution of transient two-dimensional Navier-Stokes equations describing liquid motion, enables one to analyze pressure changes in the jet. This analysis depends on the liquid position with respect to the outlet hole and time, which can be used to predict liquid jet disintegration into separate monodisperse droplets of a given size and to choose optimal parameters of the granulator vibratory system. The forced oscillations arise due to the movement of the shaft (Figure 2 ), which creates an alternating pressure in the vessel and holes for liquid outflow. Alternating pressure affects the mode of the liquid jet breakup. There are four well-known breakup modes: (a) Rayleigh breakup mode, (b) first wind-induced, (c) second wind-induced, and (d) atomization. In the Rayleigh breakup mode, the surface tension between fluids amplifies the surface perturbations and leads to drop formation, whose dimensions are more uniform and significantly larger than the jet diameter. Therefore, the basic approach in generating monodisperse droplets is operating in Rayleigh breakup mode. The size of the main fraction can be changed by changing the parameters of the forced signal (frequency and amplitude of the oscillations). The higher the frequency, the smaller the diameter of the main fraction would be (generally in a narrow range). To change the size in a wider range (e.g., from 1.4-2 mm), the holes at the bottom of the bucket should be changed.
Results and Discussion
The vibrations of the granulator bottom were recorded and displayed on a two-channel oscilloscope in the form of a sinusoidal function graph (subject to change depending on the signal parameters). A comparative analysis of the experimental results and theoretical calculations of Equation (7) showed a discrepancy. Analysis of the results indicated that a jet was influenced by a set of perturbations, which were caused by uncontrolled outside noise and granulator construction [33] , which were difficult to control. To obtain the analytical dependence of pressure changes in the jet, taking into account the noise, one needs to add a component, considering vibrations, which are caused by the external noise. Then Equation (7) becomes:
When filling the granulator-perforated bottom with liquid to the level of 380 mm at a frequency of 380 Hz and an amplitude of 50 microns, there was a wave perturbation on the jet surface with the expansion and contraction areas. Disintegration of the jet resulted in the formation of monodisperse droplets with a radius of 1.092 mm. A barely noticeable contraction occurred within every 8-10 drops, which was dissipating almost completely and preserving the symmetry. Droplet satellites were formed in the places of contractions.
By keeping the hydro-mechanical process parameters of the forced jets disintegration and increasing only the signal amplitude up to 100 microns, the contraction disappears and the mode of monodisperse jet disintegration prevails without satellite formation (Figure 3a) . When calculating pressure changes along the jet axis, one can observe pressure changes without any appreciable deviations (Figure 3b ).
The (7) showed a discrepancy. Analysis of the results indicated that a jet was influenced by a set of perturbations, which were caused by uncontrolled outside noise and granulator construction [33] , which were difficult to control. To obtain the analytical dependence of pressure changes in the jet, taking into account the noise, one needs to add a component, considering vibrations, which are caused by the external noise. Then Equation (7) becomes:
By keeping the hydro-mechanical process parameters of the forced jets disintegration and increasing only the signal amplitude up to 100 microns, the contraction disappears and the mode of monodisperse jet disintegration prevails without satellite formation (Figure 3a) . When calculating pressure changes along the jet axis, one can observe pressure changes without any appreciable deviations (Figure 3b) .
At the liquid level of 280 mm and the forced signal with an amplitude of 100 microns and frequency of 220 Hz, the jet disintegrated into droplets due to contraction, and satellites formed after breaking (Figure 4a ). When analyzing perturbations on the surface of the jet, one can observe non-stationary changes of pressure along the jet. Pressure increases and decreases, which corresponds to the jet disintegration mode with the formation of satellites (Figure 4b ). At the liquid level of 280 mm and the forced signal with an amplitude of 100 microns and frequency of 220 Hz, the jet disintegrated into droplets due to contraction, and satellites formed after breaking (Figure 4a ). When analyzing perturbations on the surface of the jet, one can observe non-stationary changes of pressure along the jet. Pressure increases and decreases, which corresponds to the jet disintegration mode with the formation of satellites (Figure 4b ). However, when the frequency was increased to 800 Hz, a polydisperse mode of jet disintegration occurred independent of signal amplitude (50-100 microns), as shown in Figure 5a . This phenomenon was also observed theoretically when pressure variation along the jet was calculated, as shown in Figure 5b .
(b)
The results of the present analysis and the experimentally determined data were in good agreement. Established regularities of the liquid jet controlled disintegration into droplets were tested during the development of the rotating vibratory priller. The forced signal frequency improved monodisperisity of the prills in a narrow range, depending on the melt level of the liquid level on the priller. Similar results have been reported elsewhere [34, 35] .
However, when the frequency was increased to 800 Hz, a polydisperse mode of jet disintegration occurred independent of signal amplitude (50-100 microns), as shown in Figure 5a . This phenomenon was also observed theoretically when pressure variation along the jet was calculated, as shown in Figure 5b . The results of the present analysis and the experimentally determined data were in good agreement. Established regularities of the liquid jet controlled disintegration into droplets were tested during the development of the rotating vibratory priller. The forced signal frequency improved monodisperisity of the prills in a narrow range, depending on the melt level of the liquid level on the priller. Similar results have been reported elsewhere [34, 35] .
Industrial Test
The findings in this study were adopted in a test run in a commercial-size prilling tower for production of ammonium nitrate in Cuba.
As shown in Figure 6 , the commercial prilling tower has a diameter of 16 m and an effective height of 30 m. There is a priller on top of the tower, which rotates and disperses ammonium nitrate across the tower (Figure 7) . The existing technological scheme was improved by installing new equipment after considering the findings in this study, including a modified rotating vibratory priller (Figure 7a ), a transmission equipped with a motor-reducer (belt drive) frequency converter for induction motors (to change the speed of a rotary priller), and a vibratory system (generator of low frequency, control unit magnetostrictive actuator).
Priller rotation disperses the droplets on different trajectories, thus improving heat transfer conditions in the tower, and also increasing the resulting product's monodispersity. Under the influence of gravitational forces, the obtained drops move downward, solidify and become prills as a result of heat transfer to the air flowing counter currently. At the bottom of the tower, almost along 
As shown in Figure 6 , the commercial prilling tower has a diameter of 16 m and an effective height of 30 m. There is a priller on top of the tower, which rotates and disperses ammonium nitrate across the tower (Figure 7) . The existing technological scheme was improved by installing new equipment after considering the findings in this study, including a modified rotating vibratory priller (Figure 7a) , a transmission equipped with a motor-reducer (belt drive) frequency converter for induction motors (to change the speed of a rotary priller), and a vibratory system (generator of low frequency, control unit magnetostrictive actuator).
Priller rotation disperses the droplets on different trajectories, thus improving heat transfer conditions in the tower, and also increasing the resulting product's monodispersity. Under the influence of gravitational forces, the obtained drops move downward, solidify and become prills as a result of heat transfer to the air flowing counter currently. At the bottom of the tower, almost along the entire cross-section, there is a built-in fluidized bed cooler using ambient air. Additional openings are available on top of the fluidized bed to supply additional air if needed. The operation details are summarized in Table 2 . Table 2 . Industrial tests were conducted according to the following procedure:
1. Samples of ammonium nitrate were taken from the bottom of the tower after passing the "fluidized-bed" cooler in a steady-state condition. Size distribution of the ammonium nitrate particles was determined. 2. After sampling ammonium nitrate, the operation parameters of the granulator were changed, namely, the frequency of granulator housing rotation and the forced signal frequency. 3. Samples were taken at each condition at steady-state operation and the size distribution was determined for each one. 4. Exhaust air samples were taken at steady-state condition for determination of ammonium nitrate dust concentration.
The results of the tests are shown in Table 3 and Figures 8 and 9 . Figure 9 shows the size range of the product obtained by two different granulators: the new developed priller and a previously operated priller.
The difference in the product size distribution and dust content in the exhaust air from the tower was determined by replacing the granulation unit; the working conditions of the old and new equipment of the granulation unit were the same. Industrial tests were conducted according to the following procedure:
1. Samples of ammonium nitrate were taken from the bottom of the tower after passing the "fluidized-bed" cooler in a steady-state condition. Size distribution of the ammonium nitrate particles was determined.
2.
After sampling ammonium nitrate, the operation parameters of the granulator were changed, namely, the frequency of granulator housing rotation and the forced signal frequency. 3.
Samples were taken at each condition at steady-state operation and the size distribution was determined for each one.
4.
Exhaust air samples were taken at steady-state condition for determination of ammonium nitrate dust concentration.
The results of the tests are shown in Table 3 and Figures 8 and 9 . 
Conclusions
The controlled disintegration of melt nitrogen fertilizers into relatively monodispersed droplets was achieved using a vibratory granulator. The vibration frequency was found to have a profound effect on the production on monodispersed particles. Consequently, the heat load on the tower will be close to the optimal value, as the particles are less prone to sticking on the tower wall, which in turn reduces energy consumption and material costs. Production of off-spec product will be reduced substantially. It will also benefit from the reduction of dust emissions of ammonium fertilizers into the atmosphere, which will improve the ecological situation of the production area.
The study provides the basis for technological and engineering works on developing the modernized rotary vibrational melt granulator. Application of the newly designed granulator on a 
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The study provides the basis for technological and engineering works on developing the modernized rotary vibrational melt granulator. Application of the newly designed granulator on a commercial scale resulted in a substantial reduction of dust in the exhaust air (up to four times)
